Abstract: This study investigated the response of reinforced concrete (RC) slabs in building structures to internal explosions. The performances of two slabs designed in accordance with the protective structural design and conventional gravity design approaches were evaluated in terms of midspan displacements, support rotations, and damage patterns. Data from available slab blast experiments in the open literature were used to validate the methodology. A numerical study was carried out for various high-explosive charges detonated underneath the RC slabs. Detonations were simulated using airblast-loading functions. The flexible boundary conditions for the slabs were provided by a one-story single-bay RC frame consisting of beams and columns. All of the reinforcements of the slabs, beams, and columns were modeled explicitly using line elements inserted into the volumetric finite-element mesh of the concrete material. Envelope values of the rebar rupture strain were also used in the parametric study. Results from the numerical study showed that rebar rupture strain was a key factor in the blast performances of both slabs. Current protective design approaches to RC slabs mainly consider support rotations. It is recommended that rebar rupture strain also be accounted for in protective design.
Introduction
Bomb attacks on building structures have revealed the vulnerability of conventional floor slabs that are designed to resist gravity loads. The 1993 attack on the World Trade Center caused severe damage to concrete floor slabs on the parking garage level (Longinow and Mniszewski 1996) . The 1995 Alfred P. Murrah Federal Building street-level bombing attack induced uplift failure of upper floor slabs due to the lack of tension reinforcement (FEMA 1996 (FEMA , 2005 . Another case study is the 2003 explosion of a bomb inside the trunk of a car in the parking garage of the El Nogal Club Building in Bogota, Colombia. The forensic investigation of that event presented evidence that the explosion caused more damage to the upper-floor slabs compared with slabs located below the detonation (Garcia et al. 2006 ). All of these vehicle bombing attacks have emphasized the importance of determining the response of reinforced concrete (RC) slabs in structures subjected to blast loads.
The conventional design approach to RC slabs only considers factored gravity loads for reinforcement sizing and detailing. Continuous reinforcement is provided at the bottom of the slab cross section for the full span. Upper reinforcement is only provided at the support regions because the upper part of the slab cross section is subjected to tensile stresses at the support regions and compressive stresses in the midspan. However, a detonation occurring underneath a floor slab triggers an uplift deformation and may lead to severe damage owing to the lack of tension reinforcement in the midspan. Conventionally designed floor slabs have a limited capacity to mitigate damage caused by uplift blast pressure (FEMA 2008) . Slab failure and fragment impacts may subsequently lead to structural damage and threaten lives.
Damage to the floor slabs of building structures can be decreased via protective structural engineering design measures. In contrast to conventional gravity load design, the protective design approach considers uplift blast loads acting on the slab by providing continuous reinforcements at the top and bottom of the cross section throughout the span.
RC slabs ultimately fail in a tensile membrane mode if the main longitudinal reinforcement extends across the entire span of the slab and is properly anchored to the adjacent beams (Krauthammer 2008) . Tensile membrane action occurs under excessive deformations of the slab. It is terminated when the reinforcement begins to rupture (Park and Gamble 2000) . Therefore, rebar rupture strain plays an important role in the ultimate failure mode of RC slabs going through a tensile membrane action before the start of the disintegration process of the slab, and fragment communication to adjacent structural members.
The protective design approach certainly provides an advantage because the top and bottom longitudinal reinforcements are continuous across the entire span of the slab. However, the gravity design approach also provides blast resistance to the slab if continuous lower longitudinal reinforcements are properly anchored to the adjacent beams. Evaluating the blast resistance of gravity-designed slabs may be of interest to structural design engineers; such information is not available in protective design codes.
Experimental data are crucial to quantifying the response of a slab under a blast loading. A search of the open literature yielded only a single study, conducted by Lawver et al., involving a fullscale experimental investigation of gravity load-designed two-way RC slabs subjected to blast uplift loads (Lawver et al. 2003) . However, this study was carried out for a single value of a scaled distance and did not provide explicit information about charge weight and standoff distance.
Because the open literature yielded limited information regarding the uplift blast response of slabs, detonations occurring underneath slabs were investigated in this study.
The commercial finite-element code LS-Dyna (LSTC 2015) was used to simulate the blast response of RC slabs. The open literature was searched for blast experiments conducted on two-way RC slabs. The numerical tool was validated by comparing the results of the LS-Dyna code against the experimental results of an RC slab obtained from the open literature.
In the second part of this study, a parametric numerical investigation was conducted on two-way RC slabs. Two slabs were designed according to the gravity design procedures in American Concrete Institute (ACI) 318-14 (ACI 2014) and the protective design methodology in Unified Facilities Criteria (UFC) UFC-3-340-02 (DoD 2008) . The slabs were considered as surrogates of the floor system in a parking structure. Blast loads were applied to the bottom surfaces of the slabs. The detonation point was chosen as approximately two-thirds of the story height below the bottom surfaces of the slabs, which corresponded to the blast scenario of a bomb exploding in the trunk of a car. A frame consisting of four edge beams and corner columns provided flexible support to the slabs. All of the reinforcement rebars of the beams, columns, and slabs were explicitly modeled with line elements in the parametric study in order to create a high-fidelity numerical model. Various high-explosive charge weights were detonated under the slab at the constant standoff distance of two-thirds the height of the frame. The blast performances of the gravity and protective slab designs with different rebar rupture strains were evaluated.
In the context of a numerical parametric study, this paper presents the following new key contributions: (1) the uplift blast performances of conventional and protective slab designs, quantified according to the support rotations and midspan displacement histories resulting from various charge weight detonations; (2) the numbers of ruptured rebars for the upper and lower longitudinal reinforcements; (3) the failure modes of the slabs along with the crack damage patterns; and (4) the effects of rebar rupture strain on the uplift blast response of the slabs.
Description of the Numerical Approach
The LS-Dyna finite-element code with the central difference explicit time marching scheme was employed to investigate transient blast effects on RC slabs (Hallquist 2006 ). This section describes the nonlinear material models and blast-loading details.
Airblast Loading
The conventional weapons (CONWEP) airblast-loading function of the LS-Dyna code was used to simulate the detonation effects of conventional weapons (Hallquist 2006; Randers-Pehrson and Bannister 1997) . CONWEP originates from the computer code developed by Hyde (1993) , who implemented available empirical polynomial functions obtained by applying curve-fitting techniques on a test database containing a wide range of explosive detonation experiments (Kingery and Bulmash 1984) . The negative phase of the blast wave pressure is not considered in the CONWEP approach. The spherical free airburst option of CONWEP loading was used in this study to generate blast loads on the surfaces of RC slabs facing the point of detonation. The angle of incidence of the blast wave on the exposed surface was taken into account. Only the primary blast wave hitting the slab was considered; blast wave reflections from adjacent surfaces were ignored (RandersPehrson and Bannister 1997).
Material Models
The Winfrith material model of the LS-Dyna solver was used in this study to model the nonlinear behavior of the concrete (Hallquist 2006) . The triaxial state of stress of the Winfrith concrete material is bound by the failure surface proposed by Ottosen (1977 Ottosen ( , 1979 . Hexahedral finite elements were used for the volumetric meshing of the concrete members (Broadhouse and Neilson 1987; Broadhouse 1992; Broadhouse and Attwood 1993; Broadhouse 1995) .
A smeared crack formed within the hexahedral element when maximum principal stress exceeded concrete tensile strength in the Winfrith hexahedral elements (Broadhouse and Attwood 1993) . When the crack formed, the crack normal stress decayed following a predefined softening curve (Broadhouse 1995) . The strain rate effects for the concrete material were not modeled. Disintegration and spalling of the concrete material were taken into account by employing user-defined element erosion criteria based on a combination of the maximum principal strain and negative pressure (Luccioni et al. 2013 ).
The material model 03 (plastic kinematic type) of the LS-Dyna solver was used to simulate the steel material behavior (Hallquist 2006) . The reinforcement bars were discretized with two node line elements. The stress-strain curve was idealized as a bilinear relationship. The postyield cyclic response was based on a combination of isotropic and kinematic hardening rules. Rupturing of the steel material was modeled by defining a limiting value of the axial strain. When the rupture strain (ε r ) was reached, the line element was considered to have eroded. Strain rate effects were included using the Cowper-Symonds model (Hallquist 2006; Cowper and Symonds 1957) as follows:
where σ yd = dynamic yield stress; σ y = static yield stress; ϵ 0 = strain rate; and C and P = parameters of the Cowper-Symonds model (Cowper and Symonds 1957) .
In this study, the hexahedral finite elements of the concrete material shared nodes with the line elements of the reinforcing bars. Therefore, a full bond was assumed between the concrete and the reinforcement.
Validation of the Numerical Model
There are a limited number of experimental studies on the blast response of two-way RC slabs in the open literature that provide sufficient data with regard to details on test setup, scaled distance, and experimental results (Rouquand et al. 2003 (Rouquand et al. , 2007 Ha et al. 2011) . Experiment 2 by Rouquand (Rouquand et al. 2003 ) was chosen to validate the numerical tool used in this study. Fig. 1 shows the setup of the experiment. A square slab was clamped along the edges with steel frames at the top and bottom. Edge rotations and out-of-plane displacements around the perimeter were fixed, whereas in-plane displacements were permitted. The span length and slab thickness were 1,500 and 100 mm, respectively. The concrete volume was modeled with hexahedral elements having uniform dimensions of 20 × 20 mm on the plan of the slab face and 15 mm through the thickness. The slab had two layers of grid reinforcement with a spacing of 100 mm in each direction and a rebar diameter of 10 mm. This resulted in a total reinforcement ratio of 1.0%. The clear covers at the top and bottom of the cross section were 15 mm thick.
The yield strength of the reinforcement and the compressive and tensile strengths of the concrete were 500, 43, and 3.2 MPa, respectively. The charge weight was 40 kg TNT with a standoff distance of 3.6 m to achieve a scaled distance of 1.05 m=kg 0.33 . Fig. 2 compares pressure and displacement histories at the center of the slab face that was exposed to the detonation. For the experimental measurements and numerical study, the arrival times of the blast wave were 1.89 and 2.00 ms, respectively, and the peak reflected overpressures were 6.4 and 4.3 MPa, respectively.
The experimental study showed that the maximum and permanent mid-deflections of the slab were 29 and 11 mm, respectively, as presented in Fig. 2 (Rouquand et al. 2003) . The LS-Dyna numerical simulation yielded maximum and permanent middeflections of 26 and 9 mm, respectively. Fig. 3 illustrates the experimentally observed damage pattern and crack formation of the LS-Dyna Winfrith concrete material model on the front face of the slab exposed to the detonation. Both the experimental observations and the numerical simulation showed 45°crack line formations around the corners. Fig. 4 compares the experimentally observed damage pattern on the back face of the slab with the damage pattern obtained from the Winfrith concrete model. The crack lines in the middle of the slab formed in a square grid shape, following the arrangement of the rebars placed in both directions of the two-way slab. Both the experimental observations and the numerical simulation showed the formation of 
Conventional and Protective Design Approaches
In order to compare the airblast responses of two-way RC slabs, two numerical models were constructed. The first slab model (i.e., ACI slab) was designed in accordance with ACI318-14. The second model (i.e., UFC slab) was detailed as per the UFC-3-340-02 for the design of protective structures. The only difference between the two designs was the detailing of the slabs in terms of reinforcement spacing and continuity. In both models, the slabs were supported by a single-story RC frame structure consisting of four beams and four columns. The frame structure provided flexible support to the RC slabs. The beams and columns were designed according to ACI318-14. The longitudinal and transverse reinforcements of the beams and columns were explicitly modeled with the line elements. Fig. 5 is a three-dimensional (3D) view of the frame structure. The bottom face of the slab was at an elevation of 3 m from the ground. The reinforcement and concrete volume of the structural elements were modeled with two-node line elements and eightnode hexahedral elements, respectively. The finite-element model contained approximately 2.1 million hexahedral elements to represent the concrete volume of the beams, columns, and slabs. The ACI and UFC slabs used 125,000 and 143,000 line elements, respectively. In Fig. 5 , the hexahedral elements are transparent in order to show close up the reinforcement details of the beams and columns. The transverse reinforcement consisted of ϕ 8-mm rebars and was placed at 80-and 160-mm intervals for the confinement and central zones, respectively, of the frame elements. Fig. 6 shows the cross-sectional dimensions and reinforcement details of the beams and columns of the frame. The clear cover was 30 mm thick for the frame members and slab.
For the conventional slab design according to ACI 318, only the dead and live loads due to gravity were considered. A design live load of 5 kN=m 2 was assumed, which represented the nominal load for parking garage slabs. The design load factors used for the dead and live loads were 1.2 and 1.6, respectively. The assumed explosive charge weight for the UFC slab was 8-kg TNT detonating at a standoff distance of 2 m below the bottom face of the slab. The slab was designed for a 2°support rotation. The scaled distance Z for the explosion was 1.00 m=kg 0.33 . This scaled distance is defined as a close-in range explosion in UFC-3-340-02 (DoD 2008). Therefore, an impulse-based design was carried out. The reflected impulse per unit area used in the design calculation was approximately 1,130 Pa · s.
The dimensions and reinforcement detailing of the ACI and UFC slabs are shown in Fig. 7 . The clear span length L was 5,600 mm. The reinforcement of the square-shaped slab was symmetric in the two orthogonal directions on its plane. For the purpose of clarity, Fig. 7 only shows the reinforcement in one direction.
The ACI slab had continuous bottom reinforcement of ϕ 8-mm rebars with 200-mm spacing. Its top reinforcement consisted of ϕ 8-mm rebars with 120-mm spacing and extended to a distance of one-quarter of the span length from the supports in both directions. The top reinforcement was discontinuous, and the slab midspan had only bottom reinforcement. There were 28 and 46 top and bottom rebars, respectively, in each direction for a total reinforcement ratio of 0.37%. Figs. 8(a and b) show the ACI slab's top and bottom reinforcement configurations, respectively.
The UFC slab had continuous and symmetric top and bottom reinforcement layers consisting of ϕ 8-mm rebars with 120-mm spacing, as illustrated in Fig. 8(c) . There were 46 rebars at the top and bottom of the cross section to yield a total reinforcement ratio of 0.46%.
The material properties for both slabs were assumed to be the same. The unconfined compressive strength and tangent elastic modulus of the concrete were set to 30 and 28 GPa, respectively. The concrete hexahedral elements eroded when the maximum principal strain exceeded 0.05. The selected erosion criterion for the concrete material was within the range of values reported in the literature review by Luccioni (Luccioni et al. 2013 ). The steel reinforcement yield strength and elastic modulus were set to 420 and 200 GPa, respectively. The slab thickness was 180 mm. The concrete covers at the top and bottom of the slab cross section were each 30 mm thick. The strain rate effects on the rebars were included 1) ( Malvar and Crawford 1998) . The rebar rupture was modeled defining a limiting value for the maximum principal strain.
Parametric Study on the Uplift Response of RC Slabs
A parametric study was conducted on the ACI and UFC slabs for different close-in blast load scenarios. This was achieved by detonating various charge weights under the slabs as shown in Fig. 5 . The reflected pressure for the charge weight of 8 kg was 5,006 kPa and increased to 41,900 kPa for the charge weight of 80 kg. The reflected impulses of the charge weights of 8 and 80 kg were 1,118 and 8,406 Pa · s, respectively. The scaled distances of the charge weights of 8 and 80 kg were 1.00 and 0.46 m=kg 0.33 , respectively.
Another parameter investigated in this study was the magnitude of the reinforcement rupture strain. ASTM A615 requires a minimum strain at failure of 0.09 (ASTM 2015) . The literature survey related to rebar rupture strain ranged between 0.12 and 0.25 (Malvar 1998; Malvar and Crawford 1998; Mo and Kuo 1995; Ammann et al. 1982; Wang et al. 1978) . Therefore, the envelope limits of 0.12 and 0.25 were used in this study for the rupture strains of the reinforcements. The effects of charge weight and rupture strain on the uplift response of the slabs were determined.
Results of the Parametric Study
This section presents the midspan displacement histories, support rotations, damage patterns, and failure modes of the parametric study for the LS-Dyna simulations of the ACI and UFC slabs. In order to categorize the damage, the main failure modes and distinctive crack patterns were considered. The effect of rebar rupture strain on slab performance was examined.
Figs. 9(a and b) show the midspan displacement histories of the ACI and UFC slabs, respectively. Table 1 gives the number of ruptured support rebars along with maximum midspan displacements (δ mid ) and corresponding support rotations (θ sup ). The midspan displacements δ mid were obtained from the nodal displacements of the LS-Dyna simulation. The support rotation θ sup was calculated using the clear span length L in Eq. (2):
The midspan displacements for the 80-kg ACI slab exhibited a continuously increasing trend with rebar rupture strains (ε r )o f 0.12 and 0.25. The displacement showed the same trend for the 60-kg ACI with a rebar rupture strain of 0.12. In these simulations, a significant portion of the support rebars ruptured, which led to the complete failure of the slabs. The midspan of the slab moved upward in a kinematic motion; a rebound behavior of the slab was not observed. The support rotations were in excess of 20°. Therefore, the corresponding midspan displacements and support rotations for these simulations are designated "N/A" (not available) for these simulations in Table 1 .
The damage progression of the ACI and UFC slabs started with cracking of the concrete at the bottom support sections, was followed by damage accumulation at the midspan, and finally ended with the yielding or rupturing of the upper support rebars. Fig. 10(a) illustrates the localized diagonal crack pattern for the ACI slab with a rupture strain of 0.12 and subjected to a charge weight of 40 kg. The crack formation resembled the typical yield line pattern for two-way slabs, and was observed in the simulation results of the ACI slab for all charge weight detonations. Fig. 10(b) shows the cracks near the support region at the bottom of the ACI slab.
Additional damage at the midspan of the ACI slab was also observed for charge weights of 60 and 80 kg, both of which punched out a square segment in the midspan of the slabs, where no upper reinforcement was provided by the gravity design. This failure mode is illustrated in Figs. 11(a and b) for the charge weight of 80 kg and rupture strains of 0.12 and 0.25, respectively.
The typical yield line pattern presented earlier for the ACI slab was not apparent in the simulation results for the UFC slab. In general, the UFC slab acted as a whole and the damage was distributed throughout the slab span.
The UFC slabs performed better than the ACI slabs in terms of deformation capacity and damage state. The rebar rupture strain of 0.25 improved the deformation capacities of both slabs. For the charge weight of 60 kg, the rupture strain by itself governed the failure. The UFC slab with a rebar rupture strain of 0.25 survived the blast, whereas the UFC slab with a rupture strain of 0.12 failed when subjected to the 60-kg charge weight.
Discussion
By using 3D solid elements to model the beams and columns supporting the slabs, a more accurate representation of support conditions was obtained in this study. The joint ACI-ASCE Committee 421 (ACI-ASCE-421 2015) suggests using 3D solid elements or one-dimensional (1D) line elements rather than a simplified pin or fixed support conditions at the slab boundaries. Considering the physical size of the connected structural members, the finite length of the joint was also explicitly taken into account, as illustrated by the close-up view of the finite-element model in Fig. 5 . Table 3 -2 of ASCE 59-11 (ASCE 2011) provides the following limits for the support rotation (θ sup ) of double-reinforced slabs without shear reinforcement: 2°for moderate damage, 5°for heavy damage, and 10°for hazardous damage. Park and Gamble (2000) considered a safe maximum value for the midspan displacement to be 10% of the clear span length L based on experiments conducted by Keenan (1969) and Black (1975) . In fact, Black reported that the reinforcing bars ruptured at a midspan displacement of 0.15 L. The corresponding support rotations for the 0.10-and 0.15-L midspan displacements were 11°and 17°, respectively. Fig. 11 shows the damage states of the slabs for the 80-kg ACI simulations. The blast punched out the middle portion of the slab, which led to hazardous mode failure as illustrated in Figs. 11(a and b) . A similar observation can be made for the case of the 80-kg UFC slab with a rupture strain of 0.12. Fig. 11(c) illustrates the failure of the slab's support rebars. Table 1 gives the support rotation as 10.6°. Based on the results of the parametric study, the failure of the investigated slabs occurred at a support rotation of approximately 11°.
The numerically obtained maximum support rotations of the slabs were in agreement with the experimentally observed results by Keenan (1969) . The only exception was the ACI slab with a rupture strain of 0.12, which could not go beyond a maximum support rotation of 6.4°for the range of charge weights considered. The number of ruptured rebars reported in Table 1 indicated loss of tensile membrane capacity for the ACI slab with a rupture strain of 0.12 subjected to a charge weight of 60 kg. The premature failure of the ACI slab was due to the combined effects of discontinuous upper reinforcements and a low rebar rupture strain value.
The displacement time histories of the failed slabs shown in Fig. 9(a) included not only the slab deformations but also the rigid body motion of the disintegrated parts on which the displacements were traced. The disintegrated middle parts of the ACI slabs with rupture strains of 0.12 and 0.25 are illustrated in Figs. 11(a and b) . The larger displacement of the ACI slab with a rupture strain of 0.12 did not indicate a larger ductility capacity compared with the ACI slab with a rupture strain of 0.25 when subjected to a charge weight of 80 kg.
In order to demonstrate the effectiveness of rebar rupture strain, the performance of the UFC slab with a 0.12 rupture strain was compared with that of a UFC slab with a 0.25 rupture strain under a 40-kg charge weight. At the end of the analysis, both slabs experienced almost the same amount of midspan displacement, which corresponded to a support rotation of 4.2°. Blast design standards quantify damage with respect to support rotations alone. In the current study, however, all of the support rotations were the same whereas the numbers of ruptured rebars were different. The UFC slab with a rupture strain of 0.12 had 34 rebars ruptured, whereas the UFC slab with a rupture strain of 0.25 had no rebars ruptured. This implies that the rebar rupture strain should be considered for quantifying the damage in detail.
Because of uplift deformation, the bottom support rebars were subjected to larger strains; this caused them to rupture before the upper support rebars.
Conclusions
Blast performance analyses of the ACI gravity and UFC protective designs for RC slabs revealed that ultimate capacity was governed by tensile membrane action and that the most critical sections were the slab supports. The failure mode was initiated by the bottom support rebars rupturing first, followed by the midspan rebars and then the upper support rebars.
The UFC slabs performed better than the ACI slabs. Even though only factored gravity loads were considered in the design approach, the numerical simulations showed that the ACI slabs resisted charge weights of 8 and 20 kg for rebar rupture strains of 0.12 and 0.25, respectively, without significant damage. The numerical results of this study quantified the ACI slabs' limited capacities for tensile membrane action. The UFC slabs withstood charge weights of 20 and 40 kg for rebar rupture strains of 0.12 and 0.25, respectively, without any rebar rupture.
According to the results of the parametric simulation study for a rebar rupture strain of 0.12, the ACI and UFC slab designs sustained support rotations of 0.8°and 1.8°without any rebar rupture. Increasing the rebar rupture stain to 0.25 increased the support rotation capacities to 2.3°and 4.2°for the ACI and UFC slab designs, respectively. The higher rebar rupture strain of 0.25 significantly improved the deformation capacity of the slabs compared with the lower value of 0.12. Slabs with discontinuous reinforcement and low rebar rupture strains may fail prematurely under blast loads and possess limited support rotation capacities.
Protective design codes define slab damage based on measured support rotations. However, the results of this study showed that support rotation by itself is not sufficient to determine or define damage. Based on the findings of this study, it is recommended that the effect of rebar rupture strain on design damage level categories also be included.
Bond failure between concrete and steel reinforcements may affect slab behavior under blast loads. Therefore, it is recommended that bond-slip models be considered in future numerical studies. Further experimental data are needed to support the conclusions of this study and to validate the presented numerical results.
